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Abstract
The ISI effect due to the dead time of practical photon counting receivers is studied. Using both the counts and arrival times of
photons, a novel demodulation technique is proposed showing sensitivity levels around 7 dB beyond traditional photon counting
schemes.
1 Introduction
In recent decades, there has been a growing interest of employ-
ing photon counting detectors in both fiber [1] and optical
wireless communication (OWC) systems [2, 3] to improve the
sensitivity of receivers. To realize a photon counting receiver,
the commonly used avalanche photodiode (APD) can be biased
above the breakdown voltage so that it operates at Geiger mode.
By doing so, a single-photon counting avalanche diode (SPAD)
can be achieved which has the advantages of single photon
sensitivity and picosecond temporal resolution. Large arrays
of SPADs that can be employed for imaging and high-speed
communication applications are now commercially available.
In [1], the experimental results of a SPAD-based optical fiber
receiver are presented and a measurement of -55.7 dBm and -
51.6 dBm sensitivities at a data rate of 50Mbit/s and 100Mbit/s
for a BER of 2× 10−3 is achieved. However, the corresponding
quantum limits are -73 dBm and -70 dBm, respectively. There-
fore, the sensitivities of the currently available SPAD receivers
are still far away from the quantum limit. This is mainly due to
the non-ideality effects of SPADs such as their dead time when
they become inactive for a period of several nanoseconds. The
dead time typically happens following the avalanche caused
by each photon detection when the SPAD is getting quenched.
There are two types of quenching circuits in SPAD receivers,
i.e., active quenching (AQ) and passive quenching (PQ). The
dead time of AQ SPADs is constant, whereas for PQ SPADs the
photons arriving during the dead time can extend its duration
[4].
In the literature, the performance degradation of SPAD-
based communication systems introduced by dead time is not
well investigated. Some studies assume that the received pho-
ton count is an ideal Poisson distributed random variable (RV)
with the incident photon rate as its mean. However, this model
completely ignores the dead time effect and as a result the BER
performance is significantly overestimated as shown in [3].
Some other works employ the effects of dead time by assum-
ing that the detected photon count is Poisson random variable
with an effective average rate defined based on the dead time
[5, 6]. There are two issues regarding this assumption. Firstly,
these effective rates are only valid when the symbol duration is
much longer than dead time. For high speed data transmission
where the symbol time is comparable or even less than the dead
time, such approximation is not valid [7]. Secondly, by using
this assumption the intersymbol interference (ISI) caused by
dead time is ignored. In practical high speed SPAD-based sys-
tems, the effect of dead time is more crucial particularly when
the dead time started in a symbol extends to the next symbol
causing an ISI effect that cannot be ignored.
In [7], the accurate probability mass functions (PMFs) of the
detected photon counts for both PQ and AQ SPADs have been
derived; however, in this work the ISI effect is also ignored
by assuming that the SPAD is always active at the beginning
of each symbol duration to simplify the mathematical deriva-
tions. Some equalization methods originally designed for RF
systems with linear channel expressions have been applied to
SPAD-based OWC systems [8]. However, SPAD-based chan-
nels require novel demodulation techniques to reduce the
impacts of ISI based on the special characteristics of SPADs,
which is still a research gap in the literature to the best of
authors’ knowledge. In this paper, an effective demodulation
technique for SPAD-based communication systems using the
photon arrival time information is proposed to remarkably
improve the BER performance.
2 Photon Counting in the Presence of ISI
2.1 the Effects of ISI
Since SPAD is extremely sensitive to photon arrivals, when a
photon triggers an avalanche event, an electrical pulse signal
at the output of SPAD can be detected. However, due to the
existence of dead time, the SPAD remains blind to the incident
photons for a short time τd after a photon is detected. Note
that in this work, we focus on AQ SPADs for its simplicity in
dead time behaviour. An example of the detected photon arrival
sequence is plotted in Fig. 1. In this figure, we denote the start
and the end of the considered symbol period as Tst and Tst +
Ts, respectively, where Ts refers to the symbol duration. In the
1
Fig. 1: The photon arrival sequence.
presence of ISI, the SPAD might be inactive at the beginning of
the counting duration until the end of the dead time introduced
by the last photon arrived in the previous symbol. We denote
this inactive period at the beginning of the current counting
period as the block time TB which can be expressed as
TB = max {τd − (Tst − TL) , 0} , (1)
where TL is the last photon arrival time before the start of the
counting period. In the presence of ISI, the SPAD is actually
only active from Tst + TB rather than Tst in the absence of ISI.
Since TL is itself a RV, the ISI introduces a random inactive
time which changes the statistics of the photon count during
the considered symbol duration. In practical systems, SPAD
array is commonly employed to improve the dynamic range of
the receiver and control the saturation issue of such sensitive
receivers. Similar to the case of single SPAD, ISI also influ-
ences the statistics of the total photon counts in an array. In
Fig. 2, the effect of ISI can be observed by comparing the con-
ditional PMFs of the received photon count in the presence and
the absence of of ISI when NRZ OOK signals are transmit-
ted. One can observe that with relatively small dead time, e.g.,
τd = 0.5Ts, the PMFs of photon count in the presence of ISI
deviate slightly from those in the absence of ISI. However, for
a relatively large dead time, e.g., τd = Ts, a significant mis-
match between them are observed. This mismatch of PMFs is
due to the fact that for longer dead time, the probability that
the number of SPADs being inactive at the beginning of the
current symbol increases. As a result, the ISI effect becomes
more severe and the probability of detecting less photon counts
increases. It is also demonstrated in Fig. 2 that ISI results in
smaller average value and larger variance of the detected pho-
ton count. These effects of ISI on the statistics of the detected
photon count can significantly increase error probability in the
communication systems.
The ISI effects are not only related to the dead time but also
related to the incident photon rate (both signal and background
photon rates). SPAD array with larger number of SPADs is
commonly employed to mitigate the ISI effects by means of
diversity [3]; however, ISI effects could still be significant espe-
cially when the incident photon rate is high and/or the SPAD
array is employed in high-speed systems where dead time is
comparable or even longer than the symbol time. It is worth
emphasizing that the effects of ISI in SPAD-based system is
different from that in traditional communication systems. In
traditional systems, the effect of channels can be described as a
lowpass filter so that various equalizers (either linear or non-
linear) can be employed to compensate the lowpass effects.
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Fig. 2: The conditional PMF of the detected photon count for a SPAD
array with N = 16 in the presence and absence of ISI. OOK signal is
transmitted. The photon rates (for each individual SPAD) for bit ‘1’
and bit ‘0’ transmission are 2 and 0.1, respectively.
Fig. 3: The schematic of the proposed demodulation technique.
However, this is not the case in SPAD based channel, since
by introducing the random block time TB ISI acts as an addi-
tional source of random noise and the channel itself cannot
be expressed as a lowpass form. As a result, the commonly
used equalizers designed for lowpass channels cannot achieve
optimal performance in SPAD-based systems.
2.2 Proposed Demodulation Scheme
SPADs can provide both photon counts and accurate photon
arrival times [9, 10]. Inspired by this capability, in this work
we propose a new demodulation technique using both photon
counts and their arrival times. We consider OOK modulation as
an example, although the proposed idea can also be applied to
systems with other modulation schemes.
The schematic of the proposed scheme is plotted in Fig. 3.
The photon arrival sequences of the SPAD array are sent to the
FPGA for extracting the total photon count and photon arrival
time information. Using the photon arrival time information,
the block time can be calculated based on (1). Note that for
the array-based receiver, the block times of SPAD elements
are different from each other and hence a block time vector
−→
T B is required to be calculated. The block time information is
then used to calculate the decision threshold kth and the sig-
nal is demodulated by comparing the photon count with kth.
Different from the traditional system in the literature in which
the decoding threshold is fixed, in our system the threshold is
calculated using the instantaneous block time information and
hence is adapted to the instantaneous ISI status. It is expected
that the degradation introduced by ISI effects can be minimized
using such adaptive decision threshold.
2
3 Error Performance Analysis
For high-speed optical communication systems, in order to
achieve higher data rates, it is very likely that the links are oper-
ated in sub-dead-time regimes where the symbol duration is
equal or less than the dead time. In such sub-dead-time regime,
a SPAD can at most detect one photon in a symbol duration.
Therefore, the photon counting process becomes a Bernoulli
process. For the array-based receiver, in the absence of ISI, the
total photon count can be modeled as a Binomial distributed
RV because of the identical probability of detecting a photon in
every SPAD [11]. However, this is not the case in the presence
of ISI, since each SPAD has different probability of detecting a
photon. For the nth SPAD in the array, the PMF of the photon
count is given by
pk(k;TB,n, λ)=
{
exp [−λ (Ts − TB,n)] , k = 0,
1− exp [−λ (Tc − TB,n)] , k = 1,
(2)
where λ refers to the average detected photon rate. Thus, the
total photon counts of SPAD array are the sum of Bernoulli RVs
with different probabilities of success which are determined by
the block time vector
−→
T B = {TB,1, TB,2, · · · , TB,N}. The total









1− exp[−λ (Tc − TB,i)]
∏
j∈ϑc
exp [−λ (Tc − TB,j)] ,
where Fk is the set of all subsets of K integers that can be cho-
sen from {1, 2, · · · , N}, N denotes the number of SPADs in
the array, and ϑc is the complement of the subset ϑ. Consider-
ing the ML decoding, the optimal decision threshold Kth con-
ditioned on
−→





T B, λ1) where λ0 and λ1 denote the detected pho-
ton rate per SPAD when bit ‘0’ and bit ‘1’ are sent, respectively.
This threshold can be calculated numerically.
We present some simulation results to show the advantage of
our proposed demodulation scheme over state of the art. Four
systems are considered in the simulation study. The first system
refers to the ideal system considering dead time but ignoring
the ISI effect. The second system is impaired by ISI but the
demodulator ignores the ISI effect. Such system represents the
practical SPAD-based system without addressing ISI. In the
third system (denoted as the system with ES), a fixed decision
threshold which minimizes the BER over all symbols is deter-
mined based on an exhaustive search by using the histogram
of the received photon count. The fourth system refers to the
one employs the proposed demodulation technique as shown
in Fig. 3. An array of 8 SPADs is assumed, the dead time τd is
considered as 10 ns, the diameter of active area of each SPAD is
30 µm, the photon detection probability is 27% and the wave-
length of the signal light is 650 nm. Figure 4 shows the BER
performance of the considered four systems with respect to the
average detected signal photon rate per SPAD. It is clear that
under weak background photon rate λ0 = 1 kHz, the system
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Fig. 4: The BER versus the average detected signal photon rate per
SPAD (bottom x-axis) and corresponding incident light intensity (top
x-axis) for the considered systems under various background photon
rate where N = 8 and the dead time to symbol duration ratio is 1.1.
operates in the absence of ISI outperforms the other three in the
presence of ISI, which reveals that the degradation caused by
ISI is non-negligible even under such weak background light
intensity. Also, it is shown that the system with ES is similar
to that with the proposed technique and both perform signif-
icantly better than that without addressing ISI. Note that the
performance curve of the system without addressing ISI is not
smooth due to the blindness of the system to the ISI. When
significant background light is considered, e.g., λ0 = 10
4 kHz
(light density 16 mW/m2), ISI effects become more severe and
the performance of all systems are degraded. The advantages
of the system with the proposed technique (green solid curve)
over the system with ES (red solid curve) become obvious now.
One can see that under such background light intensity, for
the system with proposed scheme, an average signal photon
rate of 1.95× 105 kHz (1.75 photons/bit/ SPAD) is required to
achieve a BER of 1.3× 10−3; whereas for the system with ES,
the corresponding required signal photon rate increase to 106
kHz (9 photons/bit/ SPAD). Hence a 7.1 dB increase of receiver
sensitivity can be achieved by using the proposed scheme. In
addition, with the increase of the signal photon rate, higher
sensitivities are expected to be achieved.
4 Conclusion
A novel demodulation technique for photon counting commu-
nication systems is designed. The photon arrival information is
incorporated in the decoding process. It is demonstrated that by
using the proposed scheme, significant BER improvement can
be observed. The proposed scheme has the potential to enhance
the tolerance of the SPAD-based systems to the background
light.
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